Rice-rice rotation is the most important intensive cropping system for food security in China. 2
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Introduction 1
China is one of the largest rice producers in the world, which occupied 18.7% of global 2 rice growing area and contributed 8.7% of production in 2012 (FAOSTAT, 2013) . As its 3 population grows, China will need to produce ~20% more rice by 2030 in order to meet the 4 domestic need, if rice consumption per capita stays at the current level (Peng et al., 2009) . 5
Although rice yield has been significantly increased during the past decades due to 6 injudicious use of fertilizer N (FN), N-use efficiency has decreased which also led to greater 7 soil NO 3 --N content over time. This over-fertilization of FN has not only resulted in wastage 8 of a valuable chemical input but has also led to deteriorated soil, water and atmospheric 9 quality (Melero et al., 2006; Liu et al., 2013a) .The degraded soil quality due to increased soil 10 acidification and structural damage, and decreased water table level, has thus already started 11 negative effects on rice yield (Guo et al., 2010; Liu et al., 2013b) . 12
Legumes as GMs can fix atmospheric N with rhizobia (Hargrove, 1986) . Studies have 13
shown that GM can effectively reduce the species, density and population of weeds in early 14 season rice fields (Krishnan et al., 1998; Norsworthy et al., 2005) . Likewise, GM improves 15 soil physical and biological properties (e.g., urease activity and microbial biomass), enhances 16 soil carbon and N cycling (Tejada et al., 2008; Lee et al., 2010; Piotrowska et al., 2012) . 17
Growing legume as GM crop such as Chinese milk vetch (Astragalus sinicus L.) in paddy 18 fields can fully exploit the natural resources (e.g., light, water and heat) during the winter 19 period and also improve rice yield at a minimum environmental and economic cost (Crews et 20 al., 2004; Voisin et al., 2014) . 21
A combination of FN and GM can not only increase soil organic matter (SOM) and total 22 N contents (Bedadaa et al., 2014) , but also improves the activity of arbuscular mycorrhizal 23 fungi, the population and activity of extra-radical hyphae, and the structure, population and 24 activity of soil microbial communities in the rhizosphere (Zhang et al., 2012; Bedini et al., 25 5 The study was conducted at an experimental station managed by National Engineering 1 and Technology Research Center for Red Soil Improvement in Fengcheng, Jiangxi Province, 2 China (N 28°07′, E 115°56′ and altitude 25.4 m). The experimental site has a subtropical 3 monsoon climate, characterized by heavy rain from April to June and seasonal drought from 4
September to December. The average annual temperature is 17.7°C and the accumulated 5 temperature greater than 10°C is 5581.9°C. The average annual rainfall is 1552.1 mm. The 6 annual sunshine is 1935.7 h, with an average total radiation of 4637.9 MJ m -2 . The average 7 frost-free period lasts for 274 d. The average monthly temperature (°C) and total monthly 8 precipitation (mm) at the experimental site from 2008 to 2013 are shown in Fig.1 . 9
The soil is silt-clay derived from Quaternary red soil. 
Crop Management and Experimental Design 14
The experiment was conducted for six consecutive years (2008) (2009) (2010) (2011) (2012) (2013) rice. For urea application, 40% urea was broadcasted as basal application, 30% top-dressed at 6 the tillering stage, and another 30% was top-dressed at the panicle initiation stage. Basal P 7 and K fertilizers were consistently applied at the recommended rates. 8
Chinese milk vetch (Astragalus sinicus L. var. Fengchengqinggan, CMV) which 9 contained 25.4 g N kg -1 and was having a moisture content was 90.5%, was directly seeded 10 without tillage 20 days before the harvest of late rice from the experimental plots during the 11 winter season (except the control and N 100 treatments). Fresh vetch was harvested and 12 measured sequentially every year at the full-bloom stage. The fresh vetch straw was applied 13 at the rate of 12.4×10 3 , 24.9×10 3 , 37.3×10 3 and 49.7×10 3 kg ha -1 as equal substitutions of 14 20%, 40%, 60% and 80% FN for the following early rice respectively, 5 d prior to early rice 15 transplanting, mixed mechanically within 15 cm depth of surface soil, and then flooded up to 16 5-7 cm depth. The applied amounts of CMV depended on the yields in each plot during every 17 year. All N treatments were fertilized with the same amount of N which was either from FN 18 alone or both from GM and FN. Rice straw was removed from the plots after harvesting a 19 quarter of the rice field. 20
Sampling and Chemical Analysis 21
Each year composite soil samples from five randomly selected locations in each plot 22 were annually collected from the upper horizon (0-15 cm) after late rice harvest. Samples 23 were obtained using a soil auger (3.8 cm in diameter), air dried, crushed to pass through a 24 0.25-mm sieve, labeled and then stored in plastic bags. SOM was determined by wet 25 7 digestion (120°C, 2 h) using potassium dichromate along with a mixture of H 2 SO 4 and 85% 1 H 3 PO 4 (3:2, v/v) (Snyder et al., 1984) . Pre-treatment of soil with 3 ml of 1 N HCl g -1 was 2 carried out to remove carbonate and bicarbonate. Mineral N (including ammonium, NH 4 + and 3 nitrate, NO 3 -) was extracted with 2 M KCl at a 5:1 ratio (KCl:soil, v/v) (Keeney et al., 1982) . 4
Filtrate concentrations of NH 4 + and NO 3 -were analyzed with a discrete auto analyzer 5 (SmartChem TM200, USA). Total N was determined by sulfuric acid digestion and Kjeldahl 6 distillation (Lu, 2000) . 7
At physiological maturity, grains were separated from straw using a plot thresher for 8 double rice crops in the whole plot every year. The grains were sun-dried and weighed 9
separately to obtain the annual yield. 10 11
Statistical Analysis 12
The minimum guaranteed yield that could be obtained relative to the maximum observed 13 yield over the years of double-rice cropping system was quantified through the sustainable 14 yield index ( SYI ). The SYI was calculated as follows (Singh et al., 1990) Analysis of variance for the six years period showed significant year × treatment 18 interactions in both early and late rice as well as the double-rice system grain yields. 19
However, all the fertilized treatments significantly (P < 0.05) improved rice yields relative to 20 unfertilized control (Table 1) . 21
The yield data obtained over the period [2008] [2009] [2010] [2011] [2012] [2013] (Table 1) 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 for FN (20%-40%) was more pronounced and effective in enhancing the productivity with 1 the advancement of year of cultivation (Table 1 and Fig. 2 ). 2
The mean yields of early and late season rice observed in control plots suggest that the 3 soil of our experimental field is capable of giving average grain yield of both early and late 4 rice of about 2.78 ×10 3 and 2.86 ×10 3 kg ha -1 , respectively, without any external application 5 of N (Table 1 ). Lower substitution rates of GM for FN (e.g. 20%) was remarkably able to 6 maintain higher grain yield of early rice by 6.81% over the mean yield of N 100 plots, however, 7 continuous higher substituting rates of GM for FN (60%-80%) dramatically decreased the 8 grain yield of early rice by 6.01%-11.4% when compared with the mean yield of N 100 9 treatment (Table 1) . 10
Furthermore, grain yields of early rice, late rice and double-rice system fluctuated over 11 the years. The rice grain yields in the control, N 100 , N 40 M 60 and N 20 M 80 plots decreased over 12 time during the experimental years; however, lower substitution rates of GM for FN 13 (20%-40%) reversed the trends (Fig. 2) . The sustainable yield index (SYI) for early rice, late rice and early rice-late rice system 23 reveals that it was greater for early rice than for late rice in all plots, indicating that early rice 24 grain yields are more sustainable than those of late rice grain ( Table 2) Furthermore, the N-treated plots depicted significantly higher SYI than the unfertilized 4 control during both seasons. Such results imply that GM substitution for FN at appropriate 5 rates (e.g., 20%-40%) has the potential to maintain sustainable production for rice grain yield 6 under the double-rice cropping system in south China. 7
Soil Chemical Properties 8
Analysis of variance over six years showed significant year × treatment interactions in 9 soil organic matter (SOM), total N, NO 3 -and NH 4 + contents in 0-15 cm soil layer of paddy 10 field after harvesting late rice (Table 4 ). In addition, the contents of SOM, total N and NH4+ 11 data obtained over the period [2008] [2009] [2010] [2011] [2012] [2013] clearly demonstrate the superiority of N80M20 and 12 N60M40 plots, which provided greater soil fertility and N-capacity in comparison to N100 13 treatment (Table 4 ). The beneficial effect of lower substitution of legume GM for FN 14 (20%-40%) was more pronounced and effective in enhancing the soil fertility with the 15 advancement of year of cultivation (Table 4 and Fig. 4) . 16
The SOM in plow layer (0-15 cm) at the beginning of the study was 29.4 g kg -1 . At the 17 end of 6 years, application of FN showed significantly higher SOM (30.0 g kg -1 ) versus the 18 control (28.3 g kg -1 ). Substituting GM for FN resulted in accumulation of SOM in the 0-15 19 soil layer (Fig. 4) . Soil in plots receiving lower substitution rates of GM for FN (N 80 M 20 and 20 N 60 M 40 ) contained higher SOM by 9.52%-13.4% in the 0-15 cm soil layer than the FN plots 21 (Fig. 4) . 22
The total N in the tested soil layer at the beginning of the experiment was 3.06 g kg -1 . At 23 the end of 6 years, total N content in soil increased in all the plots except the control (Fig. 4) . 24
As shown for SOM accumulations, the accumulations of N in soils under lower substitution 25 11 rates (20%-40%) of GM for FN were higher and the maximum N content was observed in the 1 0-15 cm soil profile under N 80 M 20 and N 60 M 40 treatments (3.53 and 3.43 g kg -1 respectively). 2 During the experimental period, the plots with lower substitution rates of GM for FN 3 (20%-40%) increased the NH 4 + -N contents by 3.58%-5.88% in the plow layer when 4 compared with N 100 plot, however, higher substitution rates of GM for FN (60%-80%) 5 significantly decreased the NH 4 + -N content by 5.81%-8.40% versus N 100 plots. Furthermore, 6 the substitution of GM for FN dramatically decreased the NO 3 --N contents in paddy soil by 7 8.13%-22.0% in comparison to N 100 plots (Table 3 ). These results revealed that replacement 8 of 20%-40% FN by GM might not only lower the environmental risks related to N loss (e.g. 9 infiltration of NO 3 --N) but also increase the immobilization of NH 4 + -N in the flooded paddy 10 soil. 11
The SOM, total N and NH 4 + -N contents exhibited decreasing trends, but an increasing 12 trend was observed over years in N 100 plots (Table 3 and 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 and total N contents in control and N 100 plots of double-rice cropping soil decreased over 1 years ( Fig. 4 and Table 3 ), which could be the deciding factors responsible for the declining 2 trends of grain yields in double-rice system over years (Fig. 2) . It has been shown that the 3 continuous application of FN as the sole N source declines soil pH (Lin et al., 2014) and the 4 associated soil hardening and damage to structure can negatively affect soil quality and 5 N-supplying capacity (Liu et al., 2013a) . Decreasing soil nutrient-supplying capacity for 6 SOM and N is the major factor causing reduction in crop production (Yadav et al., 2000b; 7 Tirol-Padre et al., 2007) . Such results point towards the unsuitability of no application of 8 external N or continuous application of FN as the sole N source for sustainable soil fertility 9 and productivity in double-rice cropping system of south China.
Nitrogen is the mineral element required in greatest amounts by plants and it is most 11 readily available from the soil as NH 4 + and NO 3 - (Haynes et al., 1978; Taylor et al., 1998) . 12
Rice is one of the crops that prefer to absorb more NH 4 + -N than NO (Fig. 4 and Table 3 ). These changes provide 16 explanation for the significant increase in rice grain yields (Table 1) as the N from GM and 17 FN is equally important for rice (Ladha et al., 1997) . Legume GM stubbles can be easily 18 degraded in the soil and the released nutrients (especially N) can be absorbed by rice plants. 19 This degradation process also helps the mineralization of organic N in the soil, thereby 20 improving soil N-supplying capacity and N availability (Mohanty et al., 2013; Bedadaa et al., 21 2014) . Over time, rice grain yields increased in N 80 M 20 and N 60 M 40 versus N 100 plots (Fig. 2) , 22 which contributed to the highest AE N (Fig. 3) . 23
In previous studies (Srinivasarao et al., 2014; Kumar et al., 2014) , substituting GM for 24 partial FN reduced soil bulk density and the consumption rate of soil organic C in paddy 25 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (Table 3 ). These 9 changes might cause N deficiency in the early and middle growth stages of rice plant, thus 10 negatively affecting the tillering and productive panicles number per unit area (Huang et al., 11 2013) . Additionally, they also reduced AE N (Fig. 3) , resulting in rice yield reduction over 12 time ( Fig. 2 and Table 1 ). Especially, when 80% of external N was derived from legume GM 13 (N 20 M 80 ), rice grain yield declined faster than that under FN as the sole N source (N 100 ) (Fig.  14   2) . Hence, it may be suggested that legume GM may better serve as a complement to the 15 recommended dose of FN, rather than the primary N source in the double-rice cropping 16 system (Dawe et al., 2003) . 17
In mono rice-based cropping system, planting and utilizing legume GM as a winter crop 18 can efficiently reduce N loss through surface runoff, NH 3 volatilization and N 2 O emission 19 (Zhao et al., 2015) . In the double-rice cropping system, soil NH 4 + -N content increased while 20 on the sustainability of annual productivity in the double-rice cropping system (Table 2) . 13
Presumably, substituting GM for FN at an appropriate rate improved the quality and quantity 14 of SOM over years and positively affected the combination of hydrolytic N (e.g., NH 4 + -N and 15 other unknown forms) with aggregates, as well as the NH 3 -sugar N content in soil (Manna et 16 al., 2005) . In this way, soil N-supplying capacity was improved, which helped in enhancing 17 the sustainability of rice production. Increases in the SYI of late rice grain regardless of the 18 substitution rate could be mainly attributed to the residual effects from GM on the succeeding 19 crop (Yadav et al., 2000b) . 20 21
Conclusion 22
In double-rice cropping system, soil fertility (e.g. SOM and total N) of the 0-15 cm layer 23 and the yields of early and late rice decreased over time when fertilizer N or legume GM 24 were added as the sole and main N sources, respectively. However, when 20% of the external 25 external N was derived from legume GM and 60% of it derived from FN, though at lower 3 rates. Such results imply that partial substitution of legume GM for FN is beneficial for the 4 N-supplying capacity and production sustainability of paddy soil in double-rice cropping 5 system. Moreover, partial substitution of legume GM for FN significantly reduced NO 3 --N in 6 flooded rice soil, thus minimizing the environmental risks related to N filtration. Unrevealing 7 its potential impacts on N 2 O emission and NH 3 volatilization are worth further investigation 8 to further determine sustainability of double-rice production systems. 9
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